Although temporomandibular disorders (TMD) have been associated with abnormal gray matter volumes in cortical areas and in the striatum, the corticostriatal functional connectivity (FC) of patients with TMD has not been studied. Here, we studied 30 patients with TMD and 20 healthy controls that underwent clinical evaluations, including Helkimo indices, pain assessments, and resting-state functional magnetic resonance imaging scans. The FCs of the striatal regions with the other brain areas were examined with a seed-based approach. As seeds, we used the dorsal caudate, ventral caudate/nucleus accumbens, dorsal caudal putamen, and ventral rostral putamen regions. Voxel-wise comparisons with controls revealed that the patients with TMD exhibited reduced FCs in the ventral corticostriatal circuitry, between the ventral striatum and ventral frontal cortices, including the anterior cingulate cortex and anterior insula; in the dorsal corticostriatal circuitry, between the dorsal striatum and the dorsal cortices, including the precentral gyrus and supramarginal gyrus; and also within the striatum. Additionally, we explored correlations between the reduced corticostriatal FCs and clinical measurements. These results directly supported the hypothesis that TMD is associated with reduced FCs in brain corticostriatal networks and that these reduced FCs may underlie the deficits in motor control, pain processing, and cognition in TMD. Our findings may contribute to the understanding of the etiologies and pathologies of TMD. Other common symptoms include ear pain and stuffiness, tinnitus, dizziness, neck pain, and headache (Luther, 2007; Scrivani, Keith, & Kaban, 2008) . The etiologies and pathologies of TMD are poorly understood, but recent studies have revealed that TMD pathology is associated with the central nervous system. Altered brain morphology and functions have been found in patients with TMD, including abnormal gray matter aging, cellular changes in many cortical regions associated with pain and motor functions, and abnormal brain activation on neuropsychological tests and during physical stimulation (Alonso, Koutlas, Leut-
| I N TR ODU C TI ON
Temporomandibular disorders (TMD) consist of a subgroup of craniofacial pain problems involving the temporomandibular joint (TMJ), masticatory muscles, and associated head and neck musculoskeletal structures. Patients with TMD frequently experience fairly localized pain, limited or asymmetric mandibular movements, and TMJ noise.
Other common symptoms include ear pain and stuffiness, tinnitus, dizziness, neck pain, and headache (Luther, 2007; Scrivani, Keith, & Kaban, 2008) . The etiologies and pathologies of TMD are poorly understood, but recent studies have revealed that TMD pathology is associated with the central nervous system. Altered brain morphology and functions have been found in patients with TMD, including abnormal gray matter aging, cellular changes in many cortical regions associated with pain and motor functions, and abnormal brain activation on neuropsychological tests and during physical stimulation (Alonso, Koutlas, Leuthold, Lewis, & Georgopoulos, 2010; Gerstner et al., 2012; Ichesco et al., 2012; Moayedi et al., 2012a Moayedi et al., ,2012b . wileyonlinelibrary.com/journal/hbm and decoupling of the correlated activity between the prefrontal and cingulate cortices and between the amygdala and cingulate cortex.
These findings have suggested that the symptoms and the slow behavioral responses in TMD may be due to the unsynchronized recruitment of motor, pain, and attention/cognition processing areas Kucyi et al., 2014; Weissman-Fogel et al., 2011) .
The important role of the striatum in TMD has attracted substantial attention, as have the roles of many cortical areas. As the major input to the basal ganglia system, the striatum receives excitatory input from many cortical areas and thalamic nuclei; this input is organized into different channels that overlap at the level of the striatum and may integrate cognitive, motor, and limbic signals derived from other brain areas (Nelson & Kreitzer, 2014; Provost, Hanganu, & Monchi, 2015) . Patients with TMD exhibit increased task-evoked responses in the caudate nucleus during the emotional counting Stroop task; this finding suggested that the slow behavioral responses of patients with TMD may be due to attenuated recruitment of the caudate nucleus . In patients with TMD with myofascial pain, the posterior putamen exhibits increased gray matter volume compared to that in controls. This finding suggested that somatotopic reorganization in the putamen was potentially involved in TMD (Younger, Shen, Goddard, & Mackey, 2010) . Patients with TMD do not exhibit the normal age-related gray matter atrophy in the dorsal striatum, possibly as a result of the progressive influence of the disease (Moayedi et al., 2012a) . The neural activation patterns found in the caudate and putamen of patients with oral parafunctional movements were different from those of the normal controls during a clenching and grinding task. This finding suggested that the caudate and putamen may play an important role in the motor network engaged in bruxismrelated parafunctional movements (Byrd, Romit, Dzemidzic, Wong, & Talavage, 2009; Wong, Dzemidzic, Talavage, Romito, & Byrd, 2011 Dworkin & LeResche, 1992) ; full permanent dentition; no history of orthodontic or prosthetic treatment, injury to the face or jaw, chewing side preference, or rheumatic arthritis; and they had to be right-handed.
No patients received any treatments for TMD before the rfMRI scans.
The inclusion criteria for the control group were full permanent dentition;
no symptoms or signs of TMD; no history of orthodontic or prosthetic treatment, injury to the face or jaw, chewing side preference, parafunction or rheumatic arthritis; and they had to be right-handed.
The exclusion criteria for both groups were: any neurological disorders; neurosurgery; current or past substance abuse or dependence; pregnancy; significant systemic illness; and magnetic resonance (MR)
contraindications, including cardiac pacemakers and other metallic implants. Diagnostic quality MR images were inspected to exclude subjects with gross abnormalities.
| Clinical TMD examination
The Helkimo indices, including the anamnestic dysfunction index (Ai) and the clinical dysfunction index (Di) (Helkimo, 1974; Sharma, 2011) were calculated to classify the severity of the signs and symptoms of patients with TMD. The Ai value ( (score 0, clinically asymptomatic), DiI (score 1-4, mild dysfunction), DiII (score 5-9, moderate dysfunction), and DiIII (score 10-25, severe dysfunction). The myofascial pain of patients with TMD, was diagnosed according to the RDC/TMD axis I, and points were recorded for pain duration, pain intensity, and disability points (Dworkin & LeResche, 1992) . Psychosocial assessments of depression and nonspecific physical symptoms (pain items included) were evaluated for all the participants, according to the RDC/TMD axis II (Dworkin & LeResche, 1992) .
| MR data acquisition and preprocessing
All subjects underwent an rfMRI scan, with a 3-T Siemens Trio MRI system (Erlangen, Germany) equipped with an 8-channel phased-array , and a spatial smoothing transformation was then conducted with an 8-mm full-width at half-maximum Gaussian kernel.
In this study, the head translation movement of all participants was <2 mm, and the rotation was <28. Moreover, the mean frame- 
| Functional connectivity calculation
We performed a seed-based FC analysis to assess whether the patterns of cortical and subcortical FCs of the caudate nucleus and the putamen were different between patients with TMD and control subjects. Our approach was based on the method of Di Martino et al.
(2008); we focused on segregating the FC maps of the dorsal and ventral striata. We used the central coordinates of the regions of interest (ROIs) from the Di Martino study (Di Martino et al., 2008) to create 3.5 3 3.5 3 3.5 mm 3 spherical ROIs. In the MNI standard space, the ROIs were defined bilaterally in the following four areas: (1) the dorsal caudate (DC; x 5 613, y 5 15, z 5 9); (2) the ventral caudate/nucleus accumbens (VC; x 5 69, y 5 9, z 5 28); (3) the dorsal caudal putamen (DP; x 5 628, y 5 1, z 5 3); and (4) the ventral rostral putamen (VP;
x 5 620, y 5 12, z 5 23), consistent with the previous study (Harrison et al., 2009) . Each of the 8 ROIs contained 7 voxels.
After band-pass filtering (0.01-0.08 Hz), a reference time series for each seed was extracted by averaging the rfMRI time series of the voxels within the seed regions. We performed Pearson's correlation analyses between each of the seed time series and the filtered time series from the brain voxels outside the seed regions, in a voxel-wise manner. The correlation coefficients between the time courses of the seed regions and every other brain voxel were transformed to z values with the Fisher r-to-z transformation to improve the normality of the data.
| Statistical analysis
We compared the patient and control groups for age, sex ratio, height, weight, years of education, depression and nonspecific physical symptoms with the two-sample t test (except for the sex ratios, Helkimo (1974) . which was examined with a chi-square analysis) in SPSS software version 16.0.
For both groups, the individual z value maps of the FCs were analyzed with a random effect one-sample t test to identify the voxels that exhibited significant positive correlations with the time courses of the seed regions. Significance was set at p < .05 and a family-wise error correction was applied. To compare the z value maps between groups, two-sample t tests were used; the statistical significance level was set at p < .05 and corrected for multiple comparisons with the AlphaSim correction (with combination of threshold of p < .001 uncorrected at the cluster level and a certain minimum cluster size for each FC analysis with the 8 ROIs, respectively). The AlphaSim correction used the z statistical image to estimate smoothness (Song et al., 2011) . The group comparison was restricted to the voxels with significant positive correlation maps in either the patient or the control data; this restriction was performed with an explicit mask, which comprised the union of the one-sample t-test results for the two groups.
Two-tailed Pearson's correlation analyses were performed in SPSS software to determine whether the altered strengths of the FCs were related to clinical measurements including the Di, pain duration, pain intensity and disability points in patients with TMD. Significance was set at p < .05, and we applied the false discovery rate (FDR) correction provided in R statistical software V. 3.4.2 (the R archive network). 
| Functional connectivity maps in the control group
In the healthy control group, all 8 striatal seed ROIs (4 per hemisphere) exhibited well-delineated positive FC patterns (Figure 1 ), in agreement with previous studies (Di Martino et al., 2008) . In general, the strongest FCs in each ROI occurred around each seed (including the striatum and the thalamus) and in the contralateral homologous region. Additionally, other regions exhibited significant connectivity with each ROI. More specifically, the DC seed exhibited significant bilateral positive connectivity with the dorsolateral prefrontal cortex, the ACC and adjacent medial prefrontal cortex, and the supramarginal gyrus (Figure 1a,b) . The VC seed exhibited significant bilateral positive connectivity with the orbitofrontal cortex, the superior frontal gyrus, the anterior and middle cingulate cortices, the insula, the amygdala, and the hippocampus (Figure 1c,d ). The DP seed exhibited significant bilateral positive connectivity, mainly with the primary and supplementary motor cortices, the middle cingulate cortex, the insula, the supramarginal gyrus, the superior temporal gyrus, and the medial occipital lobe (Figure 1e,f) . The VP seed exhibited significant bilateral positive connectivity, mainly with the sensorimotor areas, the middle cingulate cortex, the superior and middle temporal gyri, the insula, and the medial occipital lobe (Figure 1g,h ).
| Between-group differences in functional connectivity
Compared to the controls, the patients exhibited widespread reductions in corticostriatal FC between the striatal seed regions and several cortical and subcortical areas (Table 4 and Although there were no differences in the mean FD between groups, the distribution of FDs may be different for the two groups.
Therefore, we re-preprocessed the data and combined scrubbing with head motion regression models; each bad time point (with FD >0.2 or 0.5 mm, for different models) was defined as a single regressor. When we specified either FD >0.2 or >0.5 mm as the threshold, we found, in both cases, that the differences in FCs between groups were similar before and after the scrubbing regression procedure. Indeed, the main results, including reduced FCs in patients compared to controls, remained detectable in the striatum, between the VC and insular/ACC, and between the DP and precentral gyrus after the scrubbing regression procedure (for details, see Supporting Information, Table S1 and Table S2 ). As a movement disorder involving pain, TMD may be associated with central sensitization and a disruption in the processing of innocuous and noxious input (Nebel et al., 2010; Younger et al., 2010) . However, the interactions between pain and motor function in TMD remain unclear. The striatum has been implicated in the motor response to pain (Moayedi et al., 2012a) . The putamen receives projections from nociresponsive neurons (Newman, Stevens, & Apkarian, 1996) , the caudate nucleus responds to noxious mechanical stimuli (Chudler, Sugiyama, & Dong, 1993) , and stimulation of the striatum modulates orofacial pain (Barcelo, Filippini, & Pazo, 2012) . A previous study revealed that patients with TMD, unlike controls, did not exhibit agerelated reductions in gray matter in the dorsal striatum, possibly due to the abnormal pain-motor interactions in patients with TMD (Moayedi et al., 2012a) . This study revealed local reductions in the FCs of the striatum that may also be associated with aberrant pain-motor interactions in TMD. These findings further underscored the important role of the striatum in TMD (Moayedi et al., 2012a; Weissman-Fogel et al., 2011; Younger et al., 2010) and suggested that the local striatum circuitry was involved in TMD. The striatum is densely populated with opiate receptors in humans, and stimulation of the caudate nucleus was found to produce analgesic effects in monkeys (Blackburn, Cross, Hille, & Slater, 1988; Lineberry & Vierck, 1975) . Thus, the local striatal FC may produce an adaptation in patients with TMD. Further investigation of the association between the reduced caudate-putamen FC and the reported pain intensities of patients with TMD with myofascial pain is required to explain the reduced FC in the striatum.
| Associations between altered FCs and TMD symptoms
The ventral striatum is believed to receive projections from the anterior cingulate area, in addition to widespread sources in the temporal lobe and insula. The ventral striatal-cingulate circuit is one of the five classic cortical-striatal loops (Alexander, DeLong, & Strick, 1986; Di Martino et al., 2008) . In this study, we observed reduced FCs between the ventral caudate/nucleus accumbens, the ventral ACC, and the anterior insular, which suggested that patients with TMD had functional Statistical significance level was set at p < .05 and corrected for multiple comparisons with the AlphaSim correction (combined p < .001 was uncorrected at the cluster level; the minimum cluster size was 10 voxels).
alterations in the ventral corticostriatal circuitry. TMD was found to be associated with greater activations in response to tactile stimulation, cellular and molecular changes in the insula, reduced gray matter volume in the cingulate gyrus, and increased left anterior insular-anterior cingulate cortex FC. These findings suggested that the ACC and insula might be involved in TMD. Indeed, the ACC and insula play critical roles in pain control in patients with TMD Ichesco et al., 2012; Nebel et al., 2010) . Given the roles of the ACC and insula in pain control and in TMD, the reduced FCs we identified between the ventral striatum, the ACC, and the insula may be associated with aberrant central control in pain processing in patients with TMD. Additionally, the nucleus accumbens-anterior cingulate gyrus circuitry was reported to be critical in the transition from acute to chronic pain (Baliki et al., 2012) . Moreover, another previous study revealed that the ACC had antinociception function . Thus, a future study could investigate the correlation between the ventral corticostriatal FC and the Di in patients with TMD to determine whether ACC would produce similar antinociception functions in patients with TMD, as the symptoms and signs develop.
Moreover, cognition deficits in patients with TMD have been revealed in previous studies . The reduced FCs between the ventral striatum, the insula, and the ACC also suggested that a dysfunction in the corticostriatal circuitry might be involved in cognitive control in TMD, because the ACC and insula have been highlighted for their roles in fundamental cognitive processes (Apps, Rushworth, & Chang, 2016; Klein et al., 2007; Menon & Uddin, 2010) . Reduced FCs between the caudate, the ACC, and the insula have suggested that a dysfunction in the corticostriatal-limbic circuitry might be involved in cognitive and emotional control (Lin et al., 2015) . The present finding that FC was reduced between the striatum and cortical areas involved in attention and motion control might provide a neural basis for understanding cognition control in TMD.
The FC between the dorsal caudal putamen and precentral gyrus is involved in another classic cortical-striatal loop, called the "motor" loop.
This motor loop has been implicated in programming internally generated movements and the control of movement direction, amplitude, and velocity (Alexander et al., 1986; Di Martino et al., 2008; Harrison et al., 2009 ). Proper proprioception is important for the stomatognathic system and for the entire body, because the TMJ connects with the cervical region via muscles and ligaments, and it plays an important role in body postural control (Cuccia & Caradonna, 2009; El Hage et al., 2013) . Some patients with TMD exhibited impairments in whole-body balance; other patients engaged in high levels of parafunctional oral activity without their awareness, due to deficits in the proprioceptive awareness of facial muscle activity (Cuccia & Caradonna, 2009; Glaros, 1996) . Previously, patients with TMD demonstrated dysfunctions in motor planning, performance, and proprioception control, possibly as a result of functional deficits in motor regions, such as the primary and supplementary motor cortices (Cuccia & Caradonna, 2009; Glaros, 1996; He et al., 2014; Weissman-Fogel et al., 2011) . Low corticostriatal FC between the putamen and cortical regions associated with motor control might lead to disturbances in sensorimotor integration and motor impairments (Luo et al., 2015) . This study demonstrated that patients with TMD had reduced dorsal caudal putamen-precentral gyrus connectivity. This finding further suggested that motor dysfunction, particularly proprioceptive deficits, in patients with TMD may be associated with corticostriatal FC disconnectivity, due to the engagement of the putamen and precentral gyrus in proprioceptive control (Goble et al., 2012; Luo et al., 2015) .
Finally, we found reduced ventral rostral putamen-bilateral thalamus FCs in patients with TMD. The thalamus is a critical structure in generalized striatum-thalamocortical circuits and in TMJ movement controls (Alexander et al., 1986; Onozuka et al., 2002) . The importance of the thalamus in TMD was highlighted in previous studies that suggested that structural and functional changes occurred in the thalamus in patients with TMD Younger et al., 2010 ).
Moreover, enhanced medial prefrontal cortex-thalamus FC was identified in patients with TMD with myofascial pain (Kucyi et al., 2014) . This study also revealed a potential positive correlation between the right ventral rostral putamen-left thalamus FC and the reported pain intensity in patients with TMD with myofascial pain. Further studies are needed to explore this relationship to gain a better understanding of TMD.
This study had some limitations. First, the sample was relatively modest in size, although the size was comparable to those of other recent fMRI studies on TMD Ichesco et al., 2012; Kucyi et al., 2014) . Second, although the results of correlation analyses lost significance in the multiple comparison test, we are reluctant to reject our hypotheses about the correlations completely. In addition to the present exploratory results, findings from previous In conclusion, this study directly supported the hypothesis that TMD was associated with reduced FCs in brain corticostriatal networks. Specifically, we found reduced FCs in the corticostriatal loops in patients with TMD. This altered circuitry may underlie the deficits in motor control, pain processing, and cognition in patients with TMD.
This study was the first to reveal the role of corticostriatal networks in TMD; these findings improved our understanding of the etiologies and pathologies of TMD. 
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